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(54) IMPROVEMENTS IN OR RELATING TO ELECTRO- 

CHEMICAL CELLS 



(71) I, JAMES FRANCIS BUTLER, 
a Citizen of Canada, of 4 Devonshire Place, 
Toronto, Ontario, Canada, do hereby declare 
the invention, for which I pray that a patent 
5 may be granted to me, and the method by 
which it is to be performed, to be particularly 
described in and by the following statement: — 
This invention relates to an electro-chemical 
cell and electrode and to a method for making 

10 the same. The invention will be described 
primarily with reference to an oxygen sensor, 
but many further applications of the inven- 
tion exist, as will be explained. 
It is well known to measure the oxygen 

IS content of a fluid (often expressed in terms 
of the oxygen partial pressure, PO2J either of 
the gas under measurement or of an oxygen- 
containing gas mixture in equilibrium with 
the liquid under measurement) by a polaro- 

20 graphic method Such a method involves the 
setting up of an electro-chemical cell having 
an electrode assembly comprising an indicator- 
electrode (or oxygen cathode) of a noble metal 
and a reference-electrode (or anode). A 

25 current flows in the cell as a result of chemical 
processes occuring at the electrodes and as a 
result either of a polarising voltage externally 
applied between the electrodes or of a favour- 
able reference-electrode electrode potentfaT 

30 (the reference-electrode is required to provide 
electrical continuity to the fluid under 
measurement and advantageously has a con- 
stant electrode potential regardless of changes 
occuring in the fluid). At suflBiciently high 

35 polarising voltage levels the current flowing 
through the polarographic cell is proportional 
to the number of oxygen molecules arriving 
at the oxygen cathode per unit time and since 
this number is governed by the oxygen partial 

40 pressure, the current is proportional to PO2. 
If desired, the polarographic cell may be 
protected by a surrounding membrane which 
facilitates electrochemical isolation of the cell 
electroljrte from the fluid imder measurement 

45 but which allows diffusion therethrough of 
oxygen contained in the fluid under measure- 
ment. 



Previous oxygen sensors have had niunerous 
disadvantages. They have, so far as the appli- 
cant is aware, usually been larger and have 50 
been made from a number of separate pieces 
which have had to be carefully assembled 
together. They have been expensive to manu- 
facture and have required frequent servicing. 
In addition, they have commonly given read- 55 
ings which are not reproducible. Since for 
example when reading patient blood oxygen 
levels, accurate readings may be critical to 
the health or life of the patient, prior art 
oxygen sensors have all too commonly proven 60 
unsatisfactory. 

According to one aspect of the invention, 
there is provided a method of forming an 
electro-chemical cell comprising: 

(a) providing a substrate of conductive 65 
material or having a conductive coating, a 
first, conductive, face of the substrate having 

a first thin film insulating layer thereon, 

(b) forming a number of small holes in 

said insulating layer, and forming a number 70 
of thin film microcathodes in said holes, said 
microcathodes being electrically connected to 
said first, conductive face of the substrate, 

(c) forming a continuous thin film anode 
layer on said insulating layer and surrounding 75 
said microcathodes, said anode layer being 
electrically insulated from said microcathodes 

and said substrate by said insulating layer, 

(d) connecting a cathode contact to said 
substrate to make an electrical connection to 80 
said cathodes, 

(e) connecting an anode contact to said 
anode layer, 

(f) depositing a layer of electrolyte over 
said anode layer and said cathodes, and 85 

(g) placing a membrane of selected perme- 
ability over said electrolyte layer to protect 
said electrolyte layer. 

According to another aspect of ±e inven- 
tion, there is provided an electro-chemical 90 
cell comprising: 

(a) a substrate having a first, conductive, 
face having a first thin film insulating layer 
thereon, 



2 



1,505,343 



2 



(b) said first insulating layer having a 
pluraHty of small holes therein, and a plurdity 
of thin film microcathodes located in said 
holes, said microcathodes being electrically 

5 connected to said substrate, 

(c) a continuous thin film anode layer on 
said first insulating layer and surrounding said 
microcathodes, said anode layer being elec- 
trically insulated from said microcathodes and 

10 said substrate by said first insulating layer, 

(d) a cathode contaa so connoted elec- 
trically to said substrate to thereby be elec- 
trically connected to said cathodes, 

(e) an anode contact electrically connected 
IS to said anode layer, 

(f) a layer of electrolyte located over said 
microcathodes and said anode layer and con- 
necting the same, 

(g) and a membrane of seleaed perme- 
20 ability covering said electrolyte, 

^ According to a further aspea of the inven- 
tion, there is provided an electro-diemical 
cell having a conductive substrate having first 
and second opposed faces, a first thin film 

25 insulating layer on said first face and a second 
thin film insulating layer on said second face, 
first and second electrodes arranged over said 
first face, said first electrode being electrically 
connected to said substrate and said second 

30 electrode being insulated from said substrate 
and said first electrode by said first insulating 
layer, said second insulating layer having a 
hole therein, a contact in second hole and 
electrically connected to said substrate thereby 

35 forming an electrical connection to said first 
electrode said second insulating layer, said 
substrate and said first insulating layer having 
aligned holes therein, a further contact in said 
aligned holes and extending to said second 

40 electrode, the hole in said substrate having a 
wall of a thin film insulating material to insu- 
late said further contact from said substrate. 

Embodiments of the invention will now be 
particularly described, by way of example 

45 with reference to the accompanying drawings, 
in which: 

Fig. 1 is a longitudinal section through a~ 
sensor according to the invention; 

Fig. 2 is a cross-section through part of an 
SO electrode assembly of the sensor of Fig. 1; 

Fig. 3 shows a cathode pattern ma£ used 
in fabrication of the electtode assembly of 
Fig. 1; 

Fig. 4 shows a anode pattern mask used in 
55 fabrication of the electrode assembly of Fig. 1 ; 
Fig. 5 shows a circuit arrangement for the 
sensor of Fig. 1; 

Fig. 6 is a graph of the Fig. 1 sensor current 
output as a function of the o^gen partial 
60 pressure of a sample fluid; 

Fig. 7 is a graph of standard sensitivi^r of 
the Fig. 1 sensor as a function of temperature 
for two different sensor membranes; 
Fig. 8 is a graph of the Fig. 1 sensor 
65 current output as a function of temperature 



at two oxygen partial pressures; • 

Figs. 9a to 9c are cross-sectional views 
showing an alternative, method of fabrication 
of an electrode assembly for use in the Fig. 1 
sensor; 70 

Fig. 10 is a cross-sectional view showing 
another sensor according to the invention; 

Fig. 11 is a cross-sectional view showing a 
wafer in an initial stage of fabrication to pro- 
duce the Fig. 10 sensor; 75 

Figs. 12 & 13 show alternative masks used 
in the fabrication of the Fig. 10 sensor; 

Figs. 14 & 15 are cross-sectional views 
showing still further stages in ±e fabrication 
of the Fig. 10 sensor; gQ 

Fig. 16 shows a mask used to produce a 
well in the Fig. 10 sensor; 

Fig. 17 is a cross-sectional view showing a 
further stage in the fabrication of the Fig. 10 
sensor; 35 

Fig. 18 shows a mask used in the fabrication 
of a cathode contact for the Fig. 10 sensor; 

Fig. 19 shows a cathode pattern mask for 
the Fig. 10 sensor; 

Fig. 20 is a cross-sectional view showing a 90 
still further stage in the fabrication of the 
Fig. 10 sensor; and 

Fig. 21 is a cross-sectional view of a further 
embodiment of the invention, and 

Fig. 22 to 27 are cross-sectional views each 95 
of a slightly different and further embodiment 
of the invention. 

An illustrative embodiment of the invention 
will now be described with reference to Figs. 
1 to 8 inclusive. This embodiment is exem- 100 
plary only and shall not be taken as limiting 
the scope of the appended claims. 

Reference is first made to Figs. 1 and 2, 
which show diagrammatically a prototype 
polarographic oxygen sensor in a simple con- . 105 
figuration for testing fluid samples. The sensor, 
which is generally indicated at 2, comprises 
an electrode assembly 10 (shown in detail in 
Fig. 2) which is secured by a conducting 
epoxy resin to a copper cylinder 11. The 110 
cylinder 11 is positioned behind a teflon-on- 
cellophane membrane. ('Teflon" is a Regis- 
tered Trade Mark for a polytetrafluoro- 
ethylene; "Cellophane" is a Registered Trade 
Mark for a cellulose film.) 115 

The copper qrlinder 11 is soldered onto a 
TO-18 transistor header 13 (which is about 
1/4 inch in diameter) which is sealed, in a 
brass cylinder 14 by an insulating epoxy resin 
15. The brass cylinder 14 is mounted on a 120 
plastic cylinder 16. The TO-18 transistor, 
header 13 comprises a metal body 17 and 
four leads encased at one end in a glass insu- 
lator 18. Three of the leads 19 (only one is 
shown) terminate in pins on ±e top of the 125 
metal body 17 and the fourth lead 20 is con- 
nected to the metal body 17. The pins of the 
header 13 are conneaed by a silver metalliza- 
tion 21 to the anode (to be described) of the 
electrode assembly 10, and the leads 19 con- 130 
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15 



20 



25 



30 



35 



40 



45 



nected to the pins therefore enable external 
connection to the anode. The cathodes (to be 
described) of the electrode assembly 10 are 
electrically connected to the fourth lead 20 
via the conducting epoxy resin^ the copper 
cylinder 11 and metd body 17. 

The membrane 12 is fixed in position over 
die electrode assembly 10 by a nibber O-ring 
22. A buffered electrolyte 23 is contained be- 
tween the membrane 12 and the main body 
of the sensor. A ring 24 of a suitable material 
(a dense inert plastic polymer) is sealed to 
the top end surface of the brass cylinder 14 
to prevent any electnv-chemical reaction be- 
tween the electrodes and brass surfaces wet by 
the electrolyte. 

The electrode assembly 10 is constructed 
using integrated circuit thin film techniques 
which allow precise dimensional control over 
the electrode layout An enlarged cross-section 
of part of the electrode assembly is shown in 
Fig. 2. The electrode assembly comprises a 
silicon dioxide layer 26 formed on a highly 
conducting silicon substrate 25, for example 
a p-type silicon substrate. Gold cathodes 27 
are formed on a chromium layer 28 formed 
on the silicon substrate 25 in circular areas 
where the silicon dioxide layer 26 has been 
selectively etched away. The intermediate 
chromium layer is used to obtain a good 
adhesion between the gold cathodes 27 and 
the main body of the electrode assembly. A 
single silver anode 29 is formed on the top ' 
face of the silicon dioxide and is arranged to 
be well insulated from the gold cadiodes 27. 
An aluminum layer 37 on the back side of 
the silicon substrate 25 ensures a good ohmic 
contact with the copper cylinder 11. 

In this particular embodiment of the elec- 
trode assembly, there are 161 cathodes, each 
7 =b 0.3,u in diameter and spaced 60^ from 
each other in a roughly circular array. (The 
form of this array can be seen in Figures 3 
and 4.) The silver anode 29 has a side of 
length 0.85 mm, this dimension constituting 
the minimum size of a finished sensor which 



utilizes an electrode assembly of this size. The 
silver anode 29 is isolated from the gold 
cathodes 27 by the silicon dioxide layer 26 
and by an exposed ring of the silicon dioxide 50 
of 25 :iz IjJL outside diameter. Approximate 
theoretical treatment indicates that the anode 
area must be at least 30 times the cathode 
area to prevent polarization effects occuring. 
The described electrode asembly has an anode 55 
to cathode area ratio of 50:1 which thus 
ensures that the Ag/AgCl anode is non- 
polarized and that the diffusion zone of each 
cathode does not intrude on its neighbours 
even at high fluid flow rates. 60 

The sensitivity of such a sensor is approxi- 
mately 161 times that of other sensors of the 
same dimensions. With a suitable choice of 
membrane, the flow dependence and time 
constant are substantiaUy the same as for an 65 
oxygen electrode with a 7^ cathode. 

Tlie described electrode assembly can be 
advantageously used for polarographic oxygen 
sensing in gases and fluids at any rate of 
flow. 70 

The fabrication process of the electrode 
assembly 10 will now be described. 

Precise dimensional control of the electrode 
structure of the electrode assembly 10 is ob- 
tained through the use of an acid-resistant 75 
light-sensitive lacquer (photoresist). This 
material permits high-resolution photoengrav- 
ing and thin fihn forming operations, to be 
p^ormed reliably. Photoresist techniques, 
enable dimensions to be controlled to a pre- 80 
cision approaching l/i. 

The electrode assembly fabrication process 
basically consisted of four parts: 

(1) substrate preparation (using the mask 

40 shown in Fig. 3 ) ; 85 

(2) metallization^ 

(3) thin film silver etching (using the mask 
42 shown in Fig. 4)^ and 

(4) finishing. 

A detailed step-by-step analysis of one 90 
process sequence for fabrication of ±e elec- 
trode assembly 10 is given in Table 1. 
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TABLE 1 



STEP 

NUMBER PROCESS STEP 



METHOD OR 
PROCEDURE 



TIME 



OTHER PROCESS 
DETAILS. Unless 
otherwise stated 
the temperature 
is average room 
value of IS^'C 



8 



10 



11 



Oxidize the 
Si Wafer 25 
(formmg the 
SiO, layer 26) 

Cool and dry 
the wafer 25 

Coat wafer 25 



Prebake the 
resist coat 

Expose the 
resist coat 



Develop the 
resist image 



Rinse the 
resist image 



Dry the 
resist image 

Postbake the 
resist image 

Etch the SiOj 
26 forming open 
cathode areas 
26 a 



Rinse 



Thermal oxidation 
in moist nitrogen 



40 minutes 



— temperature: 

1050°C 

— SiOj thickness: 

5000 A 



In a clean, dry 
atmosphere 

Spin coat at 5000 
rpm with KODAK 
Micro Resist 747 
(Registered Trade 
Mark) 



30 seconds ^ room temperature 

— under laminar 
flow clean air 

— Q,5u filtration 
just before 
application 



In a convection oven 20 minutes — temperature: 

90<^C 



With a Quartz 
Iodine lamp 



As 

Required 



40 seconds 



By immersion in a 
buffered HF solution 



With distilled 
deionized water 
(conductivity of 
18 X 10* ohm — cm. 
Referred to below 
as ''water") 



cathode pattern 
mask (Fig. 3) 
nitrogen curtain 
for 2 minutes 
before producing 
contact 



Spray with KODAK 
Micro Resist 
Developer 

Spray with KODAK 30 seconds 
Micro Resist Rinse 
immediately after 
development 

With a jet of clean 
dry nitrogen 

In a convection oven 25 minutes — temperature: 

130°C 



5 minutes — temperature: 

25^C 
— nominal rate: 

1000 A 
per minute 

5 minutes 
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TABLE 1 (cont.) 



STEP METHOD OR 

NUMBER PROCESS STEP PROCEDURE 



TIME 



OTHER PROCESS 
DETAILS 



12 



13 



14 



Remove 30 A 
oxide skin 

Rinse 

Dry the wafer 



By immersion in a 
5% HF solution 

With water 

With a jet of clean 
dry nitrogen 



15 



Deposit 
film 28 



Cr By electron beam 
evaporation 



16 



Deposit 
film 27 



Au By electron beam 
evaporation 



10 seconds 



10 seconds 

— immediately 
transfer wafer 
to vacuum evap- 
orator and pump 
down the system 

S minutes — Cr (electrolytic) 

99.95% pore , 

— beam current: 

200mA 

— initial rate: 

100 X 
per minute 

— film thickness: 

420 A 

— pressure 2x10** . 
torr 

10 minutes » Au 99.999% pure 

— beam current: 

250mA 

— initial rate: 

150 A 
per minute 
^ thickness: 

1800 A 

— pressure: 2x10 
torr 

— vacuum not 
broken between 

Au and Cr 
evaporations in 
order to prevent 
oxide growth on 
Cr film 



—6 



17 



Heat treat the 
wafer 



In a vacuum oven 



3 hours 



18 



Soften the 
resist 



In trichloroethylene 3 days 



temperature: 

250OC 
pressure: 0.1 
ton 

temperature 
should not be 
elevated above 
room temperature 
swelling of re- 
sist must be a 
gradual process 
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TABLE 1 (com.) 



STEP 

NUMBER PROCESS STEP 



METHOD OR 
PROCEDURE 



TIME 



OTHER PROCESS 
DETAILS 



19 

20 
21 

22 



23 



24 



25 

26 
27 

28 



Lift off the 
resist 

Rinse 

Dry the wafer 



Deposit film Ag 
29 



Coat wafer and 
continue photo- 
lithographic 
process, 3—9 



Etch the Ag 



Lift off the 
resist 

Rinse 

Dry the wafer 



Remove 30 A 
oxide skin on 
back side of 
wafer 



In Microstrip (TM) 
solvent 

With water 

With a jet of clean 
dry nitrogen 

From a resistively- 
heated tungsten 
filament in a vacuum 
chamber 



2 minutes 



By immersion in 
KODAK Etch Bath 
EB-5 

In Microstrip 
solvent 

With water 

With a jet of clean 
dry nitrogen 

By swabbing with 
cotton soaked in 5% 
HF solution 



20 seconds 



— temperature: 
98^C 



2 minutes — Ag 99.995% 

pure 

— low tension 
cunent 5 A 

— average rate: 

2000 A 
per minute 

— thickness: 

4000 A 

— pressure: 
<lxlO~^ ton. 

— anode pattern 
mask (Fig. 4) 

— at step 5, anode 
mask must be 
aligned to ±1^ to 
ensure that 
(after step 24) 

a ring of oxide 
isolates each 
cathode 

— if alignment is 
unacceptable, 
resist is stripped 
and steps 3—9 
repeated. 

75 seconds — temperature: 

26°C ± 0.2<^C 



2 minutes — temperature: 98^C 



— extreme care is 
needed to prevent 
even HF vapours 
from attackhig 
metallization on 
front side of wafer 



29 



Rinse 



With water 



10 seconds 



r 
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STEP 

NUMBER PROCESS STEP 



TABLE 1 (cont.) 

METHOD OR 
PROCEDURE 



TIME 



OTHER PROCESS 
DETAILS 



30 



Dry the wafer 



31 



Deposit an 
Al film 37 



32 



33 



Scribe the wafer 



Scrub the wafer 



With a jet of clean dry 
nitrogen 



From a resistiveiy 
heated tungsten 
filament in a 
vacuum chamber 



L5 minutes 



With a diamond 
scribing machine 

In boiling 
trichloroethylene 



1 hour 



34 



35 



Break wafer up With a wafer 
into device chips breaking jig 

Inspect each 
device chip 



immediately 
transfer to vacuum 
evaporator and 
pump down the 
system 

Al 99.9999% pure 
low tension 
current 5A 
average rate: 

o 

2000 A per min. 
pressure <5xlO"* 
ton 



Si dust and silver 
from scribing 
removed slowly 
from the top 
surface of the 
wafer 

most devices 
withstand simple 
blowing with 
clean, dry 
nitrogen. 

ultrasonic clean 

removes 

metallization. 



— visual inspection 
for gross defects 
and metaladhesion 

— probe for short 
caused by pin- 
holes in oxide 
film. 



10 



In further explanation of the process de- 
scribed in Table I, an initial silicon blank 
25y for example in the form of a polished 
circular wafer 3.0 cm in diameter, is prepared 
by the CZOCHRALSRI method. The wafer 
is for example, of p-type silicon (boron 
doped), < 1,1,1 > orientation, of approxi- 
mately 0.15 ohm-cm resistivity (doping level 
of 10^^ per cc). Such a low resistivity, highly 
doped wafer is desirable to provide a common 
ohmic contact to the gold cathodes 27 and 



to the aluminum layer 37 (Fig. 2). 

The poh'shed silicon wafer is then degreased 
and cleaned thoroughly prior to the formation 15 
thereon of the silicon dioxide layer 26. The 
silicon dioxide layer 26 was grown at 1050^0 
in moist nitrogen (from a liquid source) in 
a horizontal resistively-heated furnace provided 
with a quartz tube and alumina liner. The .20 
silicon dioxide layer was grown to 5000 A 
to provide a good electrical insulation having 
a resistivity of, for example, 10" ohm-cm, 
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between the silver anode 29 and the silicon 
substrate 26. 

In the photolithographic process as set out 
in Table 1 steps (3) to (10), a mask pattern 
5 40 (Fig. 3} is used, having darkened areas 
44 where the cathodes are to occur, and hav- 
ing a darkened border areas 46 to define the 
borders of the units. The mask pattern is 
transferred to the photoresist layer protecting 

10 the silicon dioxide layer 26, leaving open 
areas in the photoresist through which etching 
is applied to expose the silicon substrate 
underneath at cathode areas 26a. A suitable 
etchant is hydrofluoric acid buffered with 

15 ammonium bifiuoride, and ultra violet light 
can be used as an exposing source. The 60* 
mil border 46 was incorporated in the mask 
for ab'gmnent In the step-and-repeat electrode 
assembly fabrication process to make a mask 

20 which contained 100 device patterns in a 10 
by 10 array. 

Id the second part of the fabrication pro- 
cess, without removing the previously applied 
photoresist^ a layer of chromium 28, 99.95% 

25 pure and 420 A thick, and a layer of gold, 
1800 A thick, is deposited by vacuum evapora- 
tion at 2 X 10""' torr from a hearth heated 
by an electron beam at a current strength of 
200 milliamperes. Before insertion in the 

30 vacuum chamber, the wafer 2S is pretreated 
in a 5% HF solution to remove the /-^ 30 A 
of silicon dioxide that forms on any bare 
silicon surface exposed to air. 
The wafer 25 is then heated at 250*^0 for 

35 three hours to alloy the Si — Cr and Cr — ^Au 
interfaces and create a strongly adherent gold 
film. After a three-day soak in trichloroethylene 
tht photoresist is swollen and softened to such 
a degree that ±e gold film superimposed on 

40 the photoresist breaks. When the photoresist 
is dissolved away with an organic solvent a 
gold-on-chromium film is le^ covering all 
esqposed silicon areas. 
In the third part of the fabrication process, 

45 the mask pattern 42 shown in Fig. 4 is defined 
in the silver using a photolithographic process 
as set out in Table I, (steps 23 — ^25). The 
mask pattern 42 is clear except for darkened 
areas 48 which correspond to the locations at 

50 which the silver film 29 is to be etched away 
to create an open area, free of silver, around 
each cathode 27. There is also a darkened 
strip 50 around the perimeter of the mask 42. 
Accurate alignment of the anode pattern 

55 mask 42 with the underlying cathode structure 
is required to ensure tlfat each gold cathode 
27 has a 10-/(-wide ring of silicon oxide iso- 
lating it from die silver anode 29. Before the 
silver etch (step 24 in Table I) is carried 

60 out^ the resist mask of the anode pattern is 
checked for good alignment. If it proves to 
be unsatisfactory, the resist is stripped and 
steps 23 — 25 repeated imtil a satisfactory 
alignment is achieved. 

65 To etch 4000 A of a silver film requires 



about 75 seconds with KODAK Farmer's 
Reducer R-^A (TM). The wafer is then 
immediately removed bom the etch bath when 
all the silver has been etched. The wafer is 
then rinsed in running distilled deionized 70 
water and thoroughly dried under clean 
nitrogen. 

For vacuum deposited silver, as for all 
freshly formed metal surfaces, no surface pre- 
treatment is required prior to resist coating. 75 
Upon removal from the silver deposition 
vacuum chamber, if the wafer cannot be 
immediately resist coated, an adsorbed water 
layer forms which can be removed by a 
300^C bakeout for one hour in a vacuum 80 
oven. 

At the beginning of the fourth part of the 
fabrication process the processing of the top 
surface of die wafer is complete. The silver 
has been removed from over each gold cathode 85 
and a square anode area has been defined 
within the alignment border of the cathode 
pattern mask. 

In the fourth part of the fabrication process 
the back of the wafer is metallized to ensure 90 
a good olunic contact to the gold cathodes 27. 
The 30 A of silicon dioxide always present 
on a silicon surface exposed to air is removed 
with cotton soaked in 5% HF solution. The 
wafer is then immediately rinsed in distilled 95 
deionized water, blown dry with clean nitro- 
gen and placed in a vacuum coater. 3000 A 
of aluminum is deposited at a pressure not 
exceeding 5 X 10~* torr. An adhesion of the 
aluminum layer 37 to the silicon substrate 25 100 
can be achieved which gives a contact resistance 
of less than one milhohm for the whole wafer 
and which results in the metallizadon remain- 
ing intact after the wafer is divided into one 
hundred chips each 1 mni square. 105 

The finished electrode assembly dimensions 
are set when the wafer is scribed with a dia- 
mond scribing machine. The diamond cutting 
edge makes a series of parallel fissures less 
than 1 micrometer deep on the top surface 110 
of the wafer, first in one direction and then 
perpendicular to that direction. The wafer is. 
then blown scrupulously dean of silicon dust 
and slivers with filtered dry nitrogen. The 
wafer is then broken into die one hundred 115 
chips using a suitable wafer breaking jig. 
. In experimental trials, the complete fabri- 
cation process set out in Table I represented 
between one and two man-weeks of work. One 
hundred electrode assemblies 10 were formed 120 
on a single silicon wafer, and typically be- 
tween 80 and 90 of these assemblies were 
usable. Two to three wafers were fabricated 
during a typical process run. 

Factors affecting the yield of usable elec- 125 
trode assemblies 10 obtained from one wafer 
include the resist adhesion, etch resistance, 
and resolution, mask alignment, and the effect 
of dust and other contaminants. 

To construct the polarographic oxygen 130 
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* sensor herembefore described, an electrode can be connected to the ammeter is desired. 

assembly 10 is mounted with a conducting A series of tests have been performed on a 

cpoxy resin (for ezample having a volume poiarographic oxygen sensor fabricated as 

^ resistivity of 0.0001 H-cm) to the copper hereinbefore described. The sensor was in- 

5 cylinder 11. The copper cylinder 11 is then serted in the specially designed cuvette during 70 

soldered to the TO-18 transistor header 13, the course of the tests to standardize test 

the cylinder giving 10 mils of clearance be- conditions. The volume of fluid flowing 

tween the electrode assembly 10 and pins of through a conduit of the cuvette from inlet 

the header 13. to outlet was 0.5 ml and the sample flow rate 

10 When the header 13 has been sealed into could be varied from zero to 36 ml/min. The 75 

the brass cylinder 14 with an insulating epoxy temperature of the thermostatted fluid within 

(having a volume lesistivi^ of for exampl^ the cuvette was monitored constantly and 

4.1 X 10^^ Q-cm) the top surface is masked found to be stable to within 0.10*'C for the 

and a 2 micrometer film of silver (99.99% range ZO^'C to 40'C 

15 purity) is deposited from the anode layer to The cuvette employed was disposed within 80 

the pins 19. This ensures good electrical con- a large water bath which allowed a good 

tact between the silver anode 29 and the three circulation of water at constant temperature, 

anode pins 19. The ring 24 is sealed to the The water was in direct contact with the 

top of the brass cylinder 14 with contact sample conduit, the cuvette, and the sensor. 

20 cement to prevent any electrochemical reaction The conduit and the cuvene were made of 85 

between the electrodes and brass surfaces wet brass facilitating an even temperature distri- 

by the electrolyte 23. bution. 

The reference electrode for providing elec- Using a micro-thermometer with a resolu- 

tncal continuity between the erectrol3rte 23 don of O.OS°C, measurements were made to 

25 (Fig. 1) of the sensor and the anode lead 19 determine the variation of temperature 90 

comprises the silver anode 29 coated with a throughout the cuvette when sample fluids 

porous layer of silver chloride (indicated at were flowing. It was found that the maximum 

52 in Fig. 2). Such an Ag/AgCl electrode temperature differences were around ± 0.1**C. 

is reversible to chlorine ions. When inunersed Different oxygen partial pressures in the 

30 in a solution containing chlorine ions and fluid samples were obtained by equih'brating 95 

when acting as an anode, chlorine ions com- solutions in a jacketed flask (immersed in the 

bine with sUver to form AgCl: when acting as constant temperature bath) with different 

a cathode, chlorine ions pass into solution from oxygen fractions, FOg of 0.05, 0.10, 0.21, 0.70 

the AgCl layer thereby depleting it and 1.00. Equilibration of a 50 ml sample 

35 The Ag/AgQ electrode surface 52 of the was completed after 30 minutes. The follow- 100 

sensor is prepared by electrofoiming an AgCl ing results were observed, 

layer on die silver anode 29. This is achieved Residual CvrrenL 

by immersing the silver layer in a saturated The current for P02 c:i 0 mm Hg (the 

RCl solution and biasing the silver layer at residual current) was measured by injecting 

40 +0.20 volts for several seconds with respect a sodium sulphite solution in 2% borax into 105 

to a stainless steel cathode. The AgCl layer the sample fluid space and waiting three 

should be about 500 A thick. hours before recording the current. It should 

The electrolyte 23 forms a salt bridge be- be noted that the seal between electrode and 

tween the gold cathodes 27 and the silver reducing solution was airtight to prevent con- 

45 anode 29 and consists of a buffered 0.5 N tamination with ambient air. HO 

KCl solution (pH 10.4). The residual current was found to be less 

The gas permeable membrane 12 is be- than 3 X 10~^^ amperes. When using N2 or 

tween 0.00625 and 0.254 mm in thickness water as the sample fluid, the residual current 

and is positioned over the electrode assembly was slightiy higher but never more than the 

50 10 and held in place by the rubber 0-ring equivalent of 0:2 mm Hg P02 so that in most 1 15 

22. Other membrane materials, such as poly- cases, a calibration line of a calibration graph 

propylene;, may also be used to form the of the sensor could be assumed to pass 

membrane 12. The diffusion zone between through the origin, 

the gold cathodes 27 and the gas-pezmeable d^raHom 

55 membrane 12 is stabilized against mecham'cal A calibration curve for the sensor was 120 

pressure by an additional membrane of cello- derived from a series of readings of sensor 

phane (TM), 0.25 mm thick which had been current output at specific oxygen partial pres- 

saturated witii electrolyte. sures. A calibration curve for measurements 

Shown in Fig. 5 is a circuit arrangement made at 37 °C is shown in Fig. 6. 

^ 60 for the sensor 2. The sensor 2 is connected The current output of the sensor was 125 

by means of a cable 60 to a high impedance dependent on the time of immersion in the 

micro-ammeter 62. A polarizing voltage is same fluid. Introduction of a 2 ml liquid 

supplied by a mercury cell 64 and is made sample into the cuvette containing the sensor 

adjustable from zero to 1.35 volts by means resulted in a maximum current reading within 

65 of a potentiometer. A recording device 66 7 seconds, without current decay for at least J 30 
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30 seconds regardless of the oxygen partial 
pressure. The reading obtained with a static 
gas sample was stable for at least 30 minutes. 

Earfy decay of the current reading was 
observed with all liquids. Following the 
plateau^ the percentage decay over a 30 minute 
period was 26% for distilled water and 29.5% 
for 20% glycerine in water. 

A consistently higher current signal was 
obtained for gas than for water and glycerine 
in water at identical P02 with both Teflon 
FEP (0.0254 mm) and polypropylene mem- 
branes (0.0125) and 0.0254 nun). Results 
also indicated that sample fluid flow reduces 
the difference between the fluid and gas read- 
ings to less than 1% of the gas current output 

Sensitivity. 

The sensor sensitivity was expressed as 
follows: — 



Im — 1 



rea 



where 



P02 



Ira 
P05 



= sensitiviQT at temperature T (^C) 

in amperes/mmHg P02 
= measimd current (amperes) 
= residual current (amperes) 
= partial pressure of oxygen in the 
fluid sample (comHg) calculated 
from the barometric pressure, Pb, 
the water vapor pressure, Pb o at 

temperature T(°C) and the fraction 
of O2 in the equilibrating gas, Fogi 
P02= (Pb - Ph^o) X F02 

Since the ratio i/Po2 often varies over the 
P02 pressure range from zero to one atmo- 
sphere it is convenient to define a standard 
sensitivity, <r^ by the i/Po2 ratio obtained for 
water in equilibrium with ambient air at a 
specified temperature and pressure, i.e. 



P02 



F02 = 021 



The standard sensitivity (at 37 ""C) of the 
sensor tested can be calculated from tiie 
calibration graph of Fig. 6 and is equal to 
5.55 X lOr-" amperes/nmiHg P02. 

Temperature Dependence on Sensitivity. 

The effect of temperature on sensitivity of 
a membrane-covered electrode is the com- 
bination of the temperature influence on the 
rate of O2 transfer tiirough the sample, mem- 
brane and electrolyte and on the rate of O2 
reduction at the cathode surface. 

An increase in temperature enhances transfer 
through the membrane as well as the electro- 
chemical reaction at the gold ca±odes; how- 
ever, transfer of oxygen through the electro- 
lyte layer is delayed since the O2 solubility 
coefficient in the electroljrte decreases by a 
greater amount than the increase in diffusion 



coefficient The data collected in the experi- 
ments revealed ah increase in sensitivity with 
a rise in temperature which indicates that 60 
membrane transfer and the electrochemical 
reaction over-ride the influence on solubility. 
Polypropylene is more susceptible to tempera- 
ture variation than Teflon FEP (TM) as is 
shown by the curves of sensitivity as a function 65 
of temperature shown in Fig. 7 where curve 
A is for a Teflon FEP (TM) membrane and 
curve B is for a polypropylene membrane. 
Both membranes had a tluckness of 0.0125 
mm. Thus, at a given temperature the number 70 
of gas molecules activated sufficient^ to 
diffuse through the membrane was found to 
be smaller for polypropylene than Teflon 
FEP (TM). In terms of sensor sensitivity, 
less current per mm Hg P02 wOl be recorded 75 
when using polypropylene; however, sensi- 
tivity changes caused by temperature variations 
in the biological range are more prominent for 
polypropylene. 

Shown in Fig. 8 is the effect of tempera- 80 
ture on the sensor output cmrent at P02 = 
147 nmiHg (Curve C) and at P02 = 43 
mmHg (Curve D). The temperature co- 
efficient for the sensor output was found to 
be 1.8%/*^C at Poa = 43 mmHg and only 85 
2.0%/*»C at P02 = 147 mmHg. 

Linearity, 

The linearity of sensor response to a slow 
change in P02 was assessed by calculating the 
ratio a-Foa/a-,, where o-Fo2 is the sensitivity 90 
at a given F02. In addition, the percentage 
deviation from lineariQ^ can be expressed by: 

A% = X 100 



The standard sensitivity, a-^^ was generally 
greater than the sensitivity obtained with 95 
higher oxygen partial pressures (e.g. F02 = 
0.70). This phenomenon was of comparable 
magnitude for both the Teflon (TM) and the 
polypropylene membranes and was found to 
be independent of both the polarizing voltage 100 
(0.6 to 1.0 volts) and temperature (25*C to 
40°C). 

Setting the sensor zero with water in equl- . 
librium with ambient air resulted in a devia- 
tion from linearity at high P02 (covering a 3- 105 
fold increase in P02) of from 0.8 to 1.3%. 
The standard error of the measurement varied 
little over a period of 3 days, ranging from 
0.05 to 0.15% of the standard sensitivity. 

Various other sensor materials can be used 110 
in addition to those detailed above. 

Silver is a preferred anode metal in the 
described sensor bemuse ^e Ag/AgCl refer- 
ence electrode possesses excellent reversibility 
and reproducibility at the low currents drawn il5 
from the cell, as well as good long term 
stability. Previous smdies have shown tiiat the 
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Ag/AgCl electrode is probably the most 
reproducible electrode (ezceptmg the hydro- 
gen reference electrode) as well as being a 
reliable and convenient reference electr^e. 
The adhesion of silver to silicon dioxide is 
adequate for the described electrode assembly 
structure and thin films of silver can be very 
precisely etched. Since silver has a valence 
of +1 and the Ag/AgCl reference is rever- 
sible to chlorine ions, Faraday's Law requires 
a silver film 2^u thick to give the device a 
lifetime of 100 hours at a continuous Po2 of 
ISO mmHg. However^ thin film fabrication 
can reduce the bulk cost so drastically from 
that of a conventional sensor that a disposable 
sensor is feasible. 

When a silver-silver chloride electrode is 
used, the cathodes must be biased to between 
—0.4 and —0.8 volts to operate in the diffu- 
sion limited mode, so that the current will be 
directly proportional to P02, giving a linear 
calibration line of current versus Pos. How- 
ever, by suitable choice or a reference elec- 
trode which maintains itself approximately 
— 0.5v with respect to the oxygen cathode, the 
need for a polarizing voltage (i.e. battery) is 
eliminated (at least in a sensor intended only 
to measure oxygen partial pressure). A suit- 
able reference electrode is a solid at ordinary 
temperatures, and its anode film products have 
both a low solubility and a low resistivity; it 
should preferably form the oxide of the metal, 
rather than the salt of the anion in the electro- 
lyte; it should of course, produce a relatively 
stable potential for long periods of time and 
not plate at the oxygen cathode under con- 
didons required for reduction of oxygen. An 
adequate adhesion of the reference dectrode 
material to silicon dioxide is also desirable. 

Iron, zinc, cadmium, indium and chromium 
can be used as such a suitable reference elec- 
trode. Other suitable materials may also be 
used. Cadmium, chromium and indium are 
preferably used, as not only do these metals 
provide the required constant voltage at which 
oxygen could be reduced spontaneously, but 
the predominant feature of the anode process, 
for each metal appears to be an oxide, or 
hydroxide formation. The corresponding re- 
quired electrofyte does not affect the useful 
Ufe of the sensor. 

If it is desired to increase the operational 
life of the sensor, the amoimt of anode metal 
may be increased. This can most easily be 
accomplished by plating up the thickness of 
the anode electrode after fiie selective metal 
etch to define the anode pattern. 

Very high purity gold is preferably used for 
the cathode metal because it gives more repro- 
ducible results than does platinum or any other 
noble metal. The well known "poisoning" 
effea obtained with platintmi electrodes, which 
after a period of time affects the calibration 
of the device, has not been observed with use 
of the gold electrodes. In addition, gold gives 



a wide, flat plateau when used to obtain a 
current-voltage curve for the sensor, indicating 
a relatively large hydrogen overvoltage. This 
broad horizontal plateau is desirable since it 
permits stability of ±e calibration line, both 
the reference voltage and bias voltage varying 
in response to environmental changes. To 
achieve long-term stability a 99.999% purity 
gold was used for the cathode metal. 

Gold is suitable for high-resolution form- 
ing and since, in the approach described here, 
the electrode is supported by a silicon sub- 
strate, the low mo^anical strength of gold 
is not itself a problem. 

For less demanding applications of the 
sensor where long term stability is not crucial, 
platinum or other noble metals can be used 
as the cathode metal in the place of gold. If 
the electrolyte buffer is adjusted to very basic 
levels (ph 10), nickel can serve as the cathode 
metal. This would reduce materials and fabri- 
cation costs, especially if the nickel lever is 
selectively plated on exposed silicon (here, the 
oxide acts as a "plating masi?'). A lower purity 
gold layer can be plated on the exposed silicon 
or a platinum layer deposited from platinum 
silidde, again using the oxide as a mask. 

There are further metal-electrol5^e couples 
that can sense oxygen at one of the electrodes. 
Lead-silver is one of the more attractive 
choices. Both metals can be easily formed 
and etched and are more economical to use 
than gold or platiniun. 

Silicon is advantageously used for a sup- 
porting substrate of high conductivity since 
its technology is well developed, and it has 
good mechanical strength. The use of a silicon 
substrate is also compatible with the integra- 
tion of a preamplifier (or complete electronics 
and signal processing drcuitry) on the same 
substrate as the electrode assembly 10. Such 
a preamplifier would minimize sensor lead 
capacitance, stray capacitance, and noisy pick- 
up, reduce drift in the signal conditioning, 
and facilitate temperature compensation since 
the thermal conductivity of silicon is good. 
Thermistor or p— n junction temperature 
sensors inncorporated on the same substrate 
can dosdy track the temperature of the 
oxygen sensor. 

The sdection of silicon dioxide for inter- 
electrode insulation is advantageous from both 
an electro-chemical standpoint and processing 
considerations. Unpurified silicon dioxide 
(fused quartz) has been used extensively as 
an electrode insulation material. Silicon di- 
oxide provides extremdy high anode to 
cathode leakage resistance giving rise to a 
very small residual current (at zero P02). In 
addition it is one of the few insulating 
materials which can be formed in thin uniform 
films and controUably etched using planar 
photoresist techniques which enable tolerances 
of d: 1/& to be achieved. Insulating films of - 
silicon dioxide possess good mechanical pro- 
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peities and a very low thermal impedance and 
are therefore attractive from the standpoint 
of sensor fabrication. 

Other suitable substrate materials are 
ceramic (Al20a) or dielectric crystals (e.g. 
ruby, sapphire), dense plastics, glasses and 
even membranes of, say. Teflon, silicone, or 
mylar. If a film of a noble metal can be 
applied to the substrate, then rht oxygen 
sensor design can be achieved for that sub- 
strate. (For other uses, e.g. as a pH sensor, 
noble metals need not be used to provide on 
otherwise non-conducting substrate with a 
conductive coating). An insulating layer is 
then applied in order to electrically and 
physically isolate the anode from the caiodes. 
This layer must have a high resistivity (10" 
ohm-cm) and be uniform and pinhole-free^ 
so that leakage currents do not degrade the 
output current sensitivity of the device. The 
insulator can be, for example, silicon dioadde 
(sputtered as SiOs or as Si and thermally 
oxidized) or anodized aluminum or tantalum 
(Al or Ta sputtered or evaporated and then 
anodized to AlaOs or TajOa). 

Such substrates can reduce materials cost 
for the sensor since silicon wafers remain 
somewhat expensive. Moreover, for certain 
applications, the choice from such a wide 
range of materials will allow greater freedom 
in sensor configuration and integration with 
a system package. 

Aluminum is a widely used metal for elec- 
trical contacts in semiconductor work because 
of i^ excellent adhesion properties, high con- 
ductivity and precision etch characteristics. 

A disadvantage of previous polarographic 
O2 sensors is their use of a liquid electrolyte. 
The membrane is preferably sealed over the 
electrolyte in such a way that the electrolyte 
layer is isolated physically and chemically 
from the exterior medium to be sampled. 
Advantageously, according to the present 
invention, electroljrte salts can be vacuum 
evaporated over die sensor face through a 
metal mask so that a dry electroljrte layer is 
formed on the sensor's electrode metallization. 
After the membrane is applied, tiie sensor 
remains completely inactivated since no liquid 
electrolyte is present to allow ionic conduc- 
tion. The shelf life of the sensor is indefinite, 
provided that it is stored in a dry atmosphere 
(25% humidity). Examples of suitable elec- 
trolyte materials are KCl, HQ with sodium 
borate and boric add as a buffer. 

The sensor can subsequently be activated 
by placing it in steam for several sec. This 
causes water vapour to pass through the 
hydrophobic membrane and create a thin, 
liquid electrolyte film on the inside surface 
of the membrane. For biomedical applica- 
tions, the sensor can be autodaved at 134°C 
for two minutes, thereby achieving both acti- 
vation and sterilization. 

In addition to Teflon (TM) or poly- 



propylene membranes, other gas permeable 
polymer membranes may be used. Among the 
suitable membrane materials are silicone, 
collodion, various forms of rubber, and poly- 
propylene. 

A disadvantage of the Fig. 1 membrane 12, 
and of ai^ membrane which is stretched over 
the electrode assembfy and damped at its. 
edgest, is tint it is particularly prone to un- 
even stretching and compre^on across its sur- 
face. These lead to variations in membrane 
characteristics and sensor ouq)ut. 

According to the invention, therefore, the 
membrane 12 may be applied as one of the 
fabrication process steps, on the surface of 
the sensor wafer after deposition of an dectro- 
lyte layer. Spedfically, membranes of high 
quality n:iay be formed directiy on the wafer 
in vacuum during or after the application of 
electrol3rte. A monomer gas^ such as propylene 
gas, may be introduced into the chamber, 
allowed to adsorb onto tht surface of the 
dectroljrte, and then polymerized by the appli- 
cation of energy. For example, the polymeri- 
zation of a monomer gas introduced into the 
vacuum chamber may be accomplished by 
irradiation of the substrates with a plasma 
glow discharge, or intense radiation from an 
electron beam or X-ray source. The membrane 
layers so formed are thin (1ji), uniform, 
crystalline, and adhere tenadously to all ex- 
posed surfaces. The buffered dectrolyte may 
be codeposited with the membrane to fonn a 
gd or porous layer support for the membrane. 

According to the invention, a porous film 
(such as a gel or porous plastic membrane 
saturated with dectrolyte and then dried) 
may be formed or bonded over the sensing 
surface. The porous plate membrane provides 
a imifonnly thick mechanical backing to the 
gas permeable outer membrane witiiout in 
any way increasing the diffusion resistance to 
oxygen of ±e dectrolyte layer. An example 
of a suitable such film is cellulose or poly- 
styrene. 

The electrode assembly fabrication process 
decribed with reference to Table I can be 
simplified by use of a self aligning mask 
process if the anode metal can be anodized 
in a thin surface layer that wiU resist the 
action of the silicon dioxide etchant For 
example, chromium, cadmium, indium and 
silver possess suitably thin anodization layers 
such that a self aligned etch mask can be 
fonned. This dectrode assembly fabrication 
process is illustrated in Figs. 9a, 9b, 9c and 
it is carried out as follows. 

1. A silicon wafer 70 is selected and a 
layer 72 of silicon dioxide is grown thereon, 
typically 3,000 A thick. An anode metalliza- 
tion layer 74 (for example silver) is then 
deposited on the entire surface of the layer 
72 as in step 22, Table 1. 

2. A negative photoresist layer 76 is 
applied over the anode metallization layer 74 
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and exposed and then developed to leave areas 
78 (Fig. 9(b)) of no photozesist where the 
cathodes are to be located 

3. The anode layer 74 is then etched, using 
5 a suitable photoresist mask, to provide holes 

80 in the anode layer 74 at the location of 
the cathodes. 

4. The walls of the holes 80 are then 
anodized, forming an anodized ring 82 

10 around each hole. (For example, when the 
anode is silver, the anodization ring is silver 
chloride). 

5. The silicon dioxide layer 72 is then 
etched, using the photoresist layer 76 and the 
anodized ring 82 as an etch mask. This forms 
holes 84 (Fig. 9(c)) in the silicon dioxide 
layer, which holes extend down to the silicon 
substrate 70. 

6. The cathode metallization (e.g. gold) 
is next applied over all top surfaces, as indi- 
cated at 86 in Fig. 9(b), When the cathode 
metallization is evaporated from a heated 
filament, it will not deposit on the walls of 
hole 84. 

25 7. The process is then completed by lifting 
off the negative photoresist layer 76, carrying 
with it the metallization 86 over tiie anode 
layer 74.. The cathode metallization, being 
applied directly to the silicon (a layer of 
chromium may be applied prior to the gold 
to improve adhesion) remains in place. 

The sequence of operations just described 
eliminates use of the mask shown in Fig. 4 
with all the attendant steps. Specifically, mask 
alignment problems are avoided and the lOfi 
ring of exposed silicon dioxide is functionally 
replaced by a circular step (typically 3,000 A 
in height) of silicon dioxide between each 
cathode and the anodized anode materiaL 
The self alignment process permits a greater 
packing cteasity of anode-cathode pairs. 
Devices with improved performance charac- 
teristics may therefore be fabricated on even 
smaller areas of silicon. 
45 Reference is next made to Figs. 10 to 20, 
which show an alternative embodiment of the 
invention. In Fig. 10, there is shown a form 
of sensor 98 produced on a silicon wafer 
100. The wafer 100 is enveloped in a layer 
50 of silicon dioxide generally indicated at 102. 
The silicon dioxide layer 102 has a well or 
hole 104 formed in its top surface. Located 
in the well 104 is an anode layer 106, with 
cathodes, one of which is diagrammatically 
55 indicated at 108, located in holes 110 therein 
and in contact with the silicon substrate 100. 
It will be appreciated that the thickness of 
the sensor shown in Fig. 10 is very much 
exaggerated for illustradve purposes, and that 
in reality the diameter of the sensor 98 is 
between 10 and 20 times its thickness. For 
example, the finished sensor 98 may be 5 
millimeters in diameter and .25 millimeters 
thick. 

65 A distinguishing feature of the sensor 98 is 
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that its anode and cathode contacts 112, 114 
are "punched" through holes in the bottom 
of the sensor. Specifically, the anode metal- 
lization contaa 112 is located in a hole 116 
in the silicon wafer 110 and silicon dioxide 
layer 102 and extends to the bottom surface 
of the anode metallization layer 106. It will 
be noted that the anode contact 112 is com- 
pletely insulated from the silicon wafer 100 
by the enveloping silicon dioxide layer 102. 

Similarly, the cathode contact 114 is located 
in a hole 118 in the silicon dioxide layer 102 
and extends to and contacts the silicon wafer 
100. The contacts 112, 114 are insulated from 
each other by the silicon dioxide layer 102 
between them. 

The sensor 98 further includes a buffered 
electrolyte 120 located in the well 104, and 
filling the well approximately to its top. The 
entire top surface of the sensor 98 is covered 
by a gas permeable membrane 122, formed 
from one of the membrane materials pre- 
viously described. The sensor 98, which may 
be circular, square, or of other desired shape 
in plan, typically includes an encircling flange 
124 which facilitates placement of the sensor 
imit in an appropriate holder. 

The method by which the sensor 98 is 
formed will next be described, with reference 
to Figs. 11 to 20. 

Firstly, with referdice to Fig. 11, the silicon 
wafer 100 is selected, and a layer of silicon 
dioxide 130 (typically 7000 A thick), is grown 
on both sides thereof. The wafer 100 is then 
coated with negative photoresist 131 on both 
sides, and then the back of the wafer is ex- 
posed through a mask such as those shown at 
132 or 132' in Figs. 12 or 13. The top sur- 
face of the wafer is exposed fully, with no 
mask, so that it will be fully protected by 
the photoresist. 

The masks 132, 132' shown in Figs. 12 and 
13 mclude daricened areas 134, 134' where 
the anode contact 112 is to be punched 
through. The masks 132, 132' also include a 
darkened peripheral area 136 or 136' which 
defines the edge of the finished sensor unit 
(where the flmige 124 is located). 

The photoresist layer 131 is next developed, 
leaving an open area 138 in the bottom photo- 
resist layer 130 for the anode contact 112, 
and an open rectangular or ring shaped area 
140 for the edge of the fim'shed sensor. The 
exposed silicon dioxide is etched using a 
bujffered hydrofluoric acid etchant. This ex- 
tends the open areas 138, 140 through the 
silicon dioxide layer 130 down to the silicon 
wafer 100. 

The next step, as shown in Fig. 14, is to 
employ an isotropic silicon etch to remove 
silicon unprotected by the silicon dioxide layer 
130. In other words, the silicon 100 at the 
location of open areas 138, 140 is removed. 
The entire thickness of silicon e^osed through 
the open areas 138, 140 is removed, as far as 
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the top silicon dioxide layer 130. The aper- 
tures in the silicon 100 formed by this process 
axe shown at 142, 144 in Fig. 14. 

After completion of the steps described in 
connection with Fig. 14, the photoresist layers 
131 are removed, and the wafer 100 is returned 
to the furnace, and an additional 3000 A 
layer 146 (Fig. 15) of silicon dioxide is 
formed at all locauons where silicon existed 
previously. It will be seen from Fig. 15 that 
the areas where layer 130 was undisturbed by 
the hydrofluoric acid etch now have a layer 
10,000 A thick of silicon dioxide, while the 
remaining areas (the walls of openings 142, 
144) have a 3,000 A silicon dioxide layer 
thereon. The two layers 130, 146 together 
form the silicon dioxide layer 102, 

The entire bottom surface of the unit so 
far described is next coated with photoresist 
and fully exposed (not through a mask) to 
create a developed photoresist layer 150 (Fig. 
15) which protects the bottom surface of the 
wafer. The top surface of the unit is coated 
with photoresist 151 and exposed to light 
throng a mask 152 as shown in Fig. 16. 
The mask 152 has a darkened area 154 whicl: 
defines the well 104 in which the electrode 
structure is to be located. The top photoresist 
layer 151 is then developed and the unexposed 
photoresist is then removed, leaving an open 
area 158 therein. Approximately 6500 A of 
silicon dioxide are etched from the top sur- 
face, through the opening 158, thereby form- 
ing the well 104. It will be seen that since 
the top silicon dioxide layer 130 was 7000 
A thick over the openings 142, 144, this leaves 
a layer 160 of silicon dioxide about 500 A 
thick between the well 104 and the top of the 
opening 142. 

The exposed photoresist layers 150, 151 
on the top and bottom of the unit are next 
removed, and a fresh photoresist layer 162 
is applied to the top of the unit, exposed, and 
developed, resulting in a layer 162 (Fig. 17) 
which protects the top surface of the imit. 
A photoresist layer 164 is applied to the 
bottom of the unit and is exposed through a 
mask 166 as shown m FTg. 18. The mask 
166 has a darkened area 168 so as to leave 
an imexposed area at the location of the 
ca±ode contact 114. The imexposed photo- 
resist is removed, leaving an opening 170 
(Fig. 17) and the unit is etched through 
opening 170 to remove the approximately 
10,000 A thick layer of siUcon dioxide at the 
locadon of the cathode contaa. The resultant 
hole 172 in the silicon dioxide exposes sur- 
face 174 of the silicon substrate 100 for appli- 
cation of the cathode contacts. 

At this stage, before the photoresist layers 
162, 164 on the top and bottom of the unit 
are removed, the unit is placed in a pretreat- 
ment solution to activate the exposed silicon 
surface 174. The unit is then placed in an 
electroless nickel bath (not shown) which 



deposits nickel on the exposed silicon surface 
174 to form the cathode contact 114 as shown 
in Fig. 10. The nickel is plated up to the 
surface of the silicon dioxide layer 102, i.e. 
approximately 10,000 A thick. Then for ease 
of making contact to the cathode contact 114, 
a thin layer of gold (not shown) may be de- 
posited on the entire bottom surface of the 
unit The photoresist layers 162, 164 at die 
top and bottom of the unit are then removed, 
taking with them the gold metallization except 
Aat over the cathode contaa 114. 
- After the cathode contact 114 has been 
formed and layers 162, 164 removed, the 
electrodes (namely the anode 106 and the 
cathodes 108) are formed in ±e well 104, 
using ei±er the steps described in Table 1, 
or the alternative procedure described employ- 
ing the self-aligning mask and the anodized 
anode layer. The mask 176 (Fig. 19) em- 
ployed to form the cathodes is modified from 
diat shown in Fig. 3 to provide an area 178 
in which no cathodes are formed. Area 178 
is at the location of the anode contact 112, 
since it would be undesirable to have any 
ca±odes contacting the anode. 

After the electrodes 106, 108 are formed, 
the next step is to subject the back of the 
unit to a 500 A silicon dioxide etch. This 
removes the silicon dioxide layer 160 at the 
top of the opening 142 for the anode contact, 
thereby exposing the anode metallization 106 
from die back of the unit through the opening 
142. 

After this has been completed, a battery 
contact is made from above ±e unit to the 
anode metallization layer 106, and the anode 
metallization layer 106 is used to form one 
electrode for the electroplating of the anode 
contact material (typically silver) to fill the 
hole 142 to a level, flush with the level of 
the silicon dioxide 130. To ensure that the 
top surface of the unit is not plated, only 
its back surface is exposed to the plating 
solution (which forms the second electrode 
required for electroplating). 

After the completed unit is formed as de- 
scribed, a metal mask 182 shown in Fig. 20 
(and which is the inverse of the mask shown 
in Fig. 16) is placed on the unit, to expose 
the well 104 while protecting the remainder 
of the top surface of the unit. The electrolyte 
120, for example a dry buffered electrolyte 
layer, may then be vacuum deposited (or 
applied in any other suitable manner) into 
the well 104 to fill the well flush with its 
upper surface. After this has been completed, 
the mask is removed and the gas permeable 
polymer membrane 122 is applied over the 
entire top surface of the unit using the 
methods previously described. Alternatively, 
and as previously described, a dry porous 
polymer may be co-deposited with the electro- 
lyte to yield a porous polymer structure satur- 
ated widi the electrolyte and which provides 
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mechanical backing for the gas penneable 
membrane. 

The completed unit is then placed up-side- 
down on a curved glass surface, and applica- 
tion of slight pressure ^ctures the unit at 
the^ locations of the open areas 144 at the 
periphery of each sensor unit. This causes 
controlled automatic release of the individual 
sensor units. The sensor units so released are 
completely encapsulated by the silicon dioxide 
layer 102 and by the membrane 122 over 
their top surfaces, with the anode and common 
cathode contacts 112, 114 located on their 
botom surfaces for circuit interconnection. 

It will be appreciated a structure of the 
kind shown in Fig. 10, in which the electrodes 
are located in a well, and in which the anode 
and cathode contacts are made through holes 
in the back of the silicon wafer, may be made 
by nieans other than the specific steps just 
described. In addition, the rear contacts can 
be made without necessarily placing the elec- 
trodes in a well aldiough the well is much 
preferred. 

The invention has been described primarily 
with reference to its use as an oxygen sensor. 
However, it will be appreciated that depend- 
ing on the materials used for the cathodes 
and anode, numerous o±er applications of 
the invention are possible. For example, the 
gold electrodes may be replaced by antimony 
electrodes to form a pH sensor. A reference 
electrode will still be requked and the silver- 
silver chloride electrode is suitable for this 
purpose. A dry electrolyte layer may be de- 
posited as before, for example saturated potas- 
sium chloride. The gas permeable membrane 
can now be replaced by an ion exchange 
membrane permeable to hydrogen or hydroxyl 
ions or merely by a porous membrane which 
acts as a filter. 

The presence of a variable oxygen partial 
pressure in the pH sensor will introduce a 
substantial uncertainty in the pH reading, 
depending on the particular oxygen partial 
pressure present. This variability can be com- 
pensated for by fabricating an oxygen sensor 
in conjunction with the antimony pH sensor, 
and connecting the oxygen sensor in known 
fashion to provide a correcting signal used to 
correct the reading of the antimony pH 
sensor. The voltage produced by the antimony 
pH sensor will be an indication of the pH 
under measurement, and the current pro- 
duced by the oxygen sensor may be employed 
to compensate or provide a correcting signal * 
for the pH sensor voltage. 

Ion exchange membranes are well known, 
and typical examples of these are polyacryl* 
amide, polyamides, polyamines, and poly- 
styrene sulfonate butadiene copolymer. 

By way of further example^ ±e sensor de- 
scribed may, with suitable choice of chemicals, 
be used as a CO2 sensor. Since CO2 reacts 
with water to form carbonic acid, a measure- 



ment of the pH of a solution containing CO2 
will be a measure of the COs concentration 
in the solution. The pH in fact varies as the 
logarithm of the partial pressure of the COs 
in the solution. According!^, antimony may 
be used as an electrode as before, in place 
of the gold electrodes, with a silver-silver 
chloride reference electrode and an electrolyte 
typically consisting of sodium hydrogen car- 
bonate and potassium chloride. In this event 
a gas permeable membrane would be used, 
to admit carbon dioxide to the electrodes. 

When an ion specific sensor is made in 
accordance with the invention, one electrode 
will be located within the electrolj^e, as 
before, but the other, electrode may be located 
outside the electrolyte and membrane. This is 
shown in Fig. 21, where primed reference 
numerals indicate parts corresponding to those 
of Fig. 10. In the Fig. 21 embodiment, the 
elearodes 108' within the electrolyte may be 
silver, while the exterior electrode 106' may 
be silver-silver chloride. The electrode metal- 
lization 108 is deposited direcdy on the mem- 
brane 122', the latter being appropriately 
pretreated depending on the materiis em- 
ployed. The electrolyte 120' will contain the 
ion to be measured, and the membrane 122' 
will be a glass composition so ibzi for a given 
concentration of the ion to be measured out- 
side the glass layer, and dependent on the 
known ion concentration in the electrolyte, a 
voltage develops across the electrodes 106', 
108' proportional to the ratio of the ion con- 
centrations. Glass layer compositions for this 
purpose are well known. The electrode 108' 
within the electrolyte 120' may be a single 
large electrode or numerous small electrodes 
as previously described. The reference elec- 
trode 106' may be advantageously protected 
by a porous manbrane (not shown) which 
acts as a filter to protect dirt in the solution 
being measured from depositing on the refer- 
ence electrode 106'. Contacts 112', 114' to the 
reference electrode 106' and odier electrodes 
108' are made through the back of the device 
as previously described. 

The thin film electrode assembly described 
is expensive and has a good performance 
relative to other polarographic electrode 
assemblies. The precise dimensional control 
which can be achieved enables the cathode 
geometry to be controlled and altered as re- 
quired and thus, the electrode assembly per- 
formance can be precisely adjusted to meet 
sensor requirements. 

Slow changes in temperature will cause 
corresponding changes in the output of the cell 
of about 2% per ^'C, necessitating some tem- 
perature compensation circuit. This can be as 
simple as a matching thermistor connected to 
anode and cathode terminals. 

Recalibration, which can be performed (e.g. 
for an O2 sensor) by using the oxygen partial 
pressure in room air as the standard, requires 
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only a few seconds since only the gain of the 
amplifier needs to be adjusted. With the thin 
film fabrication described^ the residual cur- 
rent (at zero POz) remains essentially con> 
5 Slant and very small so that a one point cali- 
bration is sufiSdent Thus, convenient and rapid 
measurements can be made on either bulk 
samples or in process streams. In fact^ the 
dose dimensional control of the thin film 

10 fabrication can obviate calibration of the 
devices entirely if membranes of known char- 
acteristics are applied in the final stage of 
device fabrication. If electrode geometry is 
reproducibly uniform amongst all devices of a 

15 wafer, it will suffice to calibrate a single sensor 
from that wafer or batch of wafers to charac- 
terize all others. 

Although electrol3rtes and membranes as 
described will normally form part of cells and 

20 dectrodes according to the invention, it will 
be realized that in some cases, the cell or 
electrode may be inserted directly into the 
solution under study, such solurion then pro- 
viding the dectrolyte. In such cases, the cell 

25 need not be provided with its own dectrolyte 
or membrane, although these items will nor- 
mally serve to protect the cell and lengthen 
its life. 

In addition to its use as a sensor, a cdl of 

30 the kind described may also be used as a low 
level power source or batteiy. 

The previous description has described 
electro-chemical cells having two electrodes 
combined in one imit. In some drcumstances, 

35 it is desirable to form single thin film electrode 
units, which units may be inserted into a test 
solution at different locations and which dec- 
trode units may then be electrically con- 
nected externally. For example, it may be 

40 desirable to insert single electrode units into 
a patient's blood stream at separated locations 
in order to read parameters of the blood or 
body fluids located betweoi the. dectrodes. 
The methods of the invention may be used 

45 to form single thin dectrode units similar to 
those previously described. 

By way of example, reference is next made 
to Fig. 22, in which double primed reference 
numerals indicate parts corresponding to those 

50 of Fig. 10. The Fig. 22 electrode unit 98" 
is the same as the sensor 98 of Fig. 10, except 
that it contains only a single dectrode 106" 
located in the well 104''. Since the electrode 
imit 98" contains only a single electrode, only 

55 one of the contaas 112, 114 is required. In 
the drawing, contaa 112" is shown, but it will 
be appredated that dther contact may be 
used. 

The materials used in the Fig. 22 electrode 
60 unit wHl depend on the application required. 
For example, the electrode 106" may consist 
of a thin film layer of alyer 106a, with a thin 
film coating of silver chloride 106b thereon. 
A thin film layer of platinum (not shown) 
65 may be deposited on the bottom surface of 



the well 104" prior to depositing the thin film 
layer of silver 106a; the platinum may imder 
certain circumstances extend the usable life 
of the device. The dectrofyte 120" may be 
dry buffered potassium chloride, and the 70 
porous membrane 122' may be a thin film 
polymer coating, as previously described. 

Other materials may also be used for the 
Fig. 22 dectrode unit For example, the dec- 
trode imit 22 may be a calomd electrode unit, 75 
in which case the thin film layer 106a will 
be a mercury (deposited on a layer of 
platinum, not shown), and the layer 106b 
will be mercurous chloride (Hg2 Q2). Other 
dectrode, dectrolyte and membrane materials 80 
may also be used, depending on the applica- 
tion. 

Reference is next made to Fig. 23, which 
shows a further embodiment of the thin film 
layer antimony pH cell shown in Fig. 21. 85 
In the Fig. 23 embodiment, in which triple 
primed reference numerals indicate parts 
corresponding to those of Fig. 21, both elec- 
trodes are located within the well 104"', i.e. 
with the electrolyte 120'" and beneath the 90 
membrane 122"'. As in Fig. 21 embodiment, 
electrode 108'" may consist of a thin film 
layer of antimony (Sb) 108a'", with a thin 
film layer 108b of SbzOs formed thereon. The 
reference dectrode 106'" may be a silver-silver 95 
chloride electrode as before, consisting of a 
thin iilm silver layer 106a"' with a thin fihn 
silver chloride layer 106b"' thereon. The elec- 
trolyte 120'" may be potassium chloride as 
bdore, and the membrane 122' may be an 100 
appropriate glass composition, as is well 
known. In the Fig. 23 embodiment, both 
dectrodes 106"', 108"' are located in die 
well 104'", with contact 106"' being con- 
nected to the back via contact 112'" and elec- 105 
trode 108"' bdng conneaed to the back via 
contaa 114'". The electrodes 106"", 108'" 
are spaced apart in the well 104'". 

Thin fihn glass electrode ceUs may a^ be 
made according to the invention, as will now 110 
be described. By way of background, when 
a relativdy thin glass membrane (which may 
range between 500 A and tens of micrometers 
in thickness) separates two electrolytes, a 
potential difference is observed across the 115 
glass. It is found that this glass electrode 
potential varies reproducibly with the activi- 
ties of hydrogen and other ions in the dectro- 
lytes. Proper choice of glass composition pro- 
vides a potential that varies as the log of the 120 
activity of a spedfic ion, and this may be 
essentidly independent of the activities of 
other ions in the test solution. 

When the indicator (i.e. the glass) dectrode 
is an ion-responsive glass, two reference dec- 125 
trodes are normally used. An inner reference 
dectrode (usually) inunersed in a suitable 
standard electrolyte provides electrical con- 
tact to the inner surface of the glass dectrode. 
The solution under test, which is in contact 130 
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with the outer glass surface, is joined to an 
outer reference electrode by a suitable salt 
bridge (which can often be the test solution 
itself). Any potential changes between the two 
electrodes reject changes in the glass (indi- 
cator) electrode potential^ which can then be 
related to alterations in ion activi^ within 
the test solution. A suitable inner reference 
electrode is generally either the calomel, or 
silver-silver chloride m a buffered chloride 
e]ectro]3rte solution. Dry connections to the 
glass membrane by means of a silver film 
have been used and eliminate the need for 
the electroljrte solution. 

A glass electrode cell according to the 
invention is shown in Fig. 24- The Fig. 24 
cell is essentially the same in structure as 
the cells of Fig. 10 and following, and is 
formed in the same way, and onfy the differ- 
ences will be described. 

Firsdy, it will be seen diat the cell of Fig. 

24, which cell is indicated generally at 200, 
contains two wells 202, 204. The well 202 
contains an inner electrode of pH sensitive 
glass 206 sputtered or vacuum deposited on 
a silver film 208 to form a dry contact refer- 
ence electrode. The silver fihn 208 coats the 
bottom surface of the well 202. Contact is 
made to the fihn 208 via back, contact 210, 
wluch extends through the silicon substrate 
212 and is insulated from the silicon by a 
layer of silicon dioxide 214 as before. pH 
sensitive glasses are well known, and are dis- 
cussed for example in the recentiy published 
text "Transducers for Bio-Medical Measure- 
ments: Principles and Applications" by 
Richard S. C. Cobbold, John Wiley and Sons, 
Inc., published in 1974. 

The well 204 contains a reference electrode 
216, which may consist of a thin film silver 
layer 218 and a thin film silver chloride 220, 
or alternatively it may be a calomel electrode. 
External connection to electrode 216 is made 
via the substrate 212 and back contact 221. 
The porous membrane 222 may be a thin film 
polymer as before, and the electrolyte 224 may 
be any suitable material, depending on the 
materials used for the electrode 216. 

Reference is next made to Fig. 2'5, which 
shows a pH sensor which is the same as that 
of Fig. 24, except for minor changes. In Fig. 

25, primed reference numerals indicate parts 
corresponding to those of Fig. 24. 

The difference between the Fig. 25 and Fig, 
24 embodiments is that in the Fig. 25 version, 
the electrode 208' is a silver-silver chloride 
electrode, consisting of a silver thin film layer 
208a coated with a thin fihn silver chloride 
layer 208b. Alternatively, the electrode 208' 
may be a calomel electrode. The electrode 208' 
is located in an appropriate electtblyte' 230, " 
with the pH sensitive glass 206' located imme- 
diately above the electrolyte and beneath the 
porous membrane 222', The remaining elec- 
trode 216 is, as before, silver-silver chloride 



or calomel, depending on the nature of the 
electrode 202'. In the Fig. 25 embodiment, 
the inner and outer reference electrodes 208', 
216' may be formed in the same step. 

The tiiin film electrodes of the invention 
may also be used for anion and cation 
measurements. Through a proper selection of 
the glass composition, it is possible to change 
the relative sensitivity of the electrode to 
various cation types. However, with the single 
exception of the positive hydrogen ion, it is 
not possible to achieve a composition tiiat is 
sensitive to just one cation type and which 
is insensitive to all others that may be present 
in the test solution. The Nemst equation for 
an ideal 2-ion electrolyte illustrates a measure 
of the sensitivity of tiie glass: 



E = E„ + 



RT 
F 



In (ai + Kuai), 



where aj, a^ are the respective activities of the 
two ion species and Ky is ±e selectivity or 
the relative sensitivity of the electrode to ion 
j as compared to ion i. 

The relative values of for differing ion 
types have been experimentally determined 
for a number of glass compositions. The 
sodium glass NAS 11 — 18 is 200 times more 
sensitive to sodium than to potassium for test 
solutions of the same pH. For the potassium 
selective glass NAS 27—4 die selectivity for 
potassium ions is 10 times that for sodium 
ions. Compensation for interfering ion species 
can readily be achieved in thin film structures 
by forming several electrodes with different 
ion selectivities on the same substrates. The 
potentials from each sensor reflect, in a well 
defined manner, the influences of each ion 
species on the electrodes and can be used in 
simple signal processing to extraa each ion 
activitv. ' 

Certain solid state and hquid substances 
exhibit a selective Nemstein response to ions 
of a particular type. Recentiy, through an 
improved understanding of the mecham'sm of 
ion transport and through the discovery of 
new materials that exhibit improved selec- 
tivity, a wide range of ion selective electrodes 
has become commercially available. A liquid 
ion exchanger consists of a solution of a cer- 
tain high molecular weight substance in a 
water insoluble organic solvent. An example 
of a thin film liquid membrane electrode 
permeable to Ca+ + is shown in Fig, 26. The 
Fig. 26 structure is the same as tl»t of Fig. 
25, except for die omission of the pH sensitive 
glass, and double primed reference numerals 
indicate pans corresponding to those of Fics. 
24and25. 

In the Fig. 26 structure, the electrodes 
208", 216" are the same as those of Fig. 25, 
but the pH sensitive glass 202' has been 
omitted. The materials contained in the wells 
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202", 204" are different The wdl 202" 
contains an oxganic exchange medium, which 
may be dqxmted through a metal mask as 
previously described. The organic eschange 
S medium, indicated at 2303^ may typically be 
O.IM C^Qs and O.IM calcium salt of didecyl 
phosphoric add in dioctylphenylphosphonate 
toge&er with a buffered diloride electrotyte. 
The porous membrane filter 222" acts as a 
10 container for the organic exchange medium 
230a and the calcium chloride is an internal 
reference solution for Ca++. The electro- 
lyte 230b in well 204" is typically simply a 
buffered chloride solution. 
15 Various kinds of membranes may be used 
according to the invention, depending on the 
application of the invention. For example, solid 
state membranes based on single crystals of 
rare earth fluorides, polycrystaUine silver 
20 sulfide^ fused mixtures of silver sulfide and 
balides, metal sulfides in a matrix of silver 
sulfide, and a varied of solid organic materials 
all exhibit selective electrode properties. All 
±ese materials can be formed as thin film 
25 layers between or as porous filter membranes 
and appropriate thin film reference electrodes 
to yicJd cation and anion selective sensors. 

Reference is next made to Fig. 27j which 
shows a thin film CO2 cell, with appropriate 
30 selection of materials. The basic principle of 
a CO2 cell is to allow the unknown CO2 
source to equilibrate with an aqueous solution 
of sodium hydrogen carbonate and to measure 
the pH change arising from the reaction CO2 
with water to yield carbonic acid. The Fig. 
27 cell is almost the same as the Fig. 25 cell, 
and double primed reference numerals in Fig. 
27 indicate corresponding parts. The differ- 
ence between the cells is that the Fig. 27 cell 
40 has a porous filter membrane 240 located 
beneath membrane 222". Membrane 222" is 
now simply a gas permeable membrane, e.g. 
Teflon (TM). The filter membrane 240 ex- 
tends across both weUs 202", 204", and the 
45 partition between the wells and provides for 
electrochemical contact between the pH sensi- 
tive glass 206" and the electrode 216". The 
electrode 268" will usually be silver-silver 
chloride, while reference electrode 216" may 
50 be silver-silver chloride or calomel. The elec- 
trolyte in well 202" will usually be a buffered 
chloride electrolj^ while the electrolyte in 
well 204" may be O.IN potassium chloride 
and 0.01N sodium hydrogen carbonate. 
55 Various further applications of the inven- 
tion are possible, for example, as enzyme 
sensors: In this mode, an immobilized enzyme 
is placed on the porous filter membrane so 
that the enzyme will contaa the test solution. 
60 The device may then be used as a gas or 
other ion sensor with the immobilized enZ5ane, 
in a differential mode, to indicate the presence 
and quantity of the enzyme in the test solu- 
tion. 
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In all cases, the electrodes of the electro- 65 
chemical ceUs or electrode units according to 
the invention can be the base inputs of field 
effect transistors or integrated circuits formed 
on the same substrate in order to reduce 
signal loss and interference in processing the 70 
signals &om the electrodes. 

The term ^'thin film" as used in this descrip- 
tion and in the appended claims, means a film 
of not more than 25 micrometers thickness. 
Preferably the films when deposited will (ex- 75 
cept for the membranes) be 20^000 A thick- 
ness or less. Plating may be used to increase 
the thickness if desired. Catalytic and otiier 
known depositions may be used. 

The hereinbefore described thin film- 80 
electro-chemical cells can thus be used, not 
only as o^gen sensors, but also in many other 
applications including for example, the sensing 
or detection of gases other than oxygen, the 
detection of pH, readings of specific ion ratios, 85 
generation of electricity (when used in a fuel 
cell mode), and the detection of other 
chemical or physical parameters. 

Preferably thin film electro-chemical ceUs 
or electrodes embodying the present invention 90 
are provided with connections made through 
the back of tiie cell or electrode and, in addi- 
tion, the electrode substance(s) of the cell or 
electrode is (are) located in a well formed in 
the front surface of the cell, thereby facilitat- 95 
ing deposition of an electrolyte and protective 
membrane where required and enabling the 
wafer on which the units are formed to be 
broken apart readily to release the units. 

WHAT I CLAIM IS:— 100 

1. A method of forming an electro-chemical 
cell comprising: 

(a) providmg a substrate of conductive 
material or having a conductive coating, a 
Sxst, conductive, face of the substrate having 105 
a &st thin fibn insulating layer thereon^ 

(b) forming a number of small holes in 
said insulating layer, and forming a number 
of thin film microcathodes in said soles, said 
microcathodes being electrically connected to 110 
said first conductive face of tiie substrate^ 

(c) forming a continuous thin film anode 
layer on said insulating layer and surround- 
ing said microcathodes, said anode' layer being 
electrically insulated from said microcathodes 1 15 
and said substrate by said insulating layer, 

(d) connecting a cathode contact to said 
substrate to make an electrical connection to 
said cathodes, 

(e) connecting an anode contact to said 120 
anode layer, 

(f) depositing a layer of electrolyte over 
said anode layer and said cathodes, and 

(g) placing a membrane of seleaed perme- 
ability over said electrolyte layer to protect 125 
said electrolyte layer. 

2. The method according to claim. 1 
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wherein, after said anode layer has been 
formed, its thickness is increased by electro- 
plating. 

3. The method according to claim I 
wherein said substrate includes a second con- 
ductive face on its side opposite said first face 
and a second thin film insulating layer on said 
second face, and wherein said step (d) in- 
cludes the step of forming a cadiode contact 
hole in said second insulating layer and fonn- 
ing said cathode contact in said cathode con- 
tact hole and conneaed to said substrate. 

4. A method according to claim 3 wherein 
said step (e) includes the steps of forming 
an anode contact hole through said second 
insulating layer, through said substrate and 
through said first insulating layer to said anode 
layer, forming a third thin film resulting layer 
on the wall of said anode contact hole to insu- 
late ^e wall of said anode contact hole from 
said substrate, and forming said anode contact 
in said anode contact hole. 

5. The me±od accordhig to claim 1 in- 
cluding the steps of forming a well in said 
first insulating layer, forming said micro- 
cathodes and said anode layer in said well, and 
depositing said electrolyte to a level flush 
with the top of said well. 

6. The method according to claim 1 
wherein said step of depositing said mem- 
brane includes the steps of exposing the upper 
surface of said cell to a monomer gas, and 
polymerizing said gas to deposit a polymer' 
coating of said gas on the upper surface of 
said sensor. 

7. The method according to claim 1 
wherein said step (b) includes deposition of 
a thin fihn of gold to form said micro- 
cathodes, said step (c) includes deposition of 
a thin film of silver to form said anode layer, 
and said step (c) further includes electrical 
energization of said anode layer in a solution 
of potassium chloride to form a layer of 
silver chloride on said anode layer. 

8. An electro-chemical cell comprising: 

(a) a substrate having a first conductive 
face having a first thin film insulating layer 
thereon, 

(b) said first insulating layer having a 
pliuality of small holes therein, and a phzrality 
of thin film microcathodes located in said 
holes, said microcathodes being electrically 
connected to said substrate, 

(c) a continuous thin film anode layer on 
said first insulating layer and surrounding said 
microcathodes, said anode layer being elec- 
trically insulated from said microcathodes and 
said substrate by said first insulating layer, 

(d) a cathode contact so conneaed elec- 
trically to said substrate to thereby be elec- 
trically connected to said cathodes, 

(e) an anode contact electrical^ connected 
to said anode layer, 

(f ) a layer of electrolyte located over said 



microcathodes and said anode layer and con- 
necting die same, 

(g) and a membrane of selected perme- 
ability covering said electrolyte. 

9. An electro-chemical cell according to 
claim 8 v^erein said substrate includes a 
second conductive face opposite said first face 
and having a second insulating layer thereon, 
said second insulating layer having a cathode 
contaa hole dierein, said cathode contact 
being located in said cathode contact hole. 

10. An electro-chemical cell according to' 
claim 9 wherein said second insulating layer, 
said substrate, and said first insulating layer 
include aligned holes therein extending 
through to said anode layer, said anode con- 
tact being located in said aligned holes, said 
hole in said substrate having a wall of a thin 
film insulating material which insulates said 
anode contact against contact with said sub- 
strate. 

11. An electro-chemical cell according to 
claim 10 wherein said substrate is doped 
silicon, and said upper and lower insulating 
layers and said wall are all silicon dioxide. 

12. An electro-chemical cell according to 
claim 8 wherein said microcathodes are of 
gold, and said anode layer is of sDver, said 
cell further including a layer of silver chloride 
on said anode layer, said membrane being a 
gas permeable membrane. 

13. An electro-chemical cell according to 
claim 8 wherein said membrane is a polymer 
membrane formed in situ over said electro- 
lyte. 

14. An electro-chemical cell having a con- 
ductive substrate having first and second 
opposed faces, a first thin film insulating layer 
on said first face and a second thin film insu- 
lating layer on said second face, first and 
second electrodes arranged over said first face, 
said first electrode being 'electrically con- 
nected to said substrate and said second 
electrode being insulated from said substrate 
and said first electrode by said first insulating 
layer, said second insulating layer having a 
hole therein, a contact in said hole and elec- 
tricallv connected to said substrate thereby 
forming an electrical connection to said first 
electrode, said second insulating layer, said 
substrate and said first insulating layer having 
aUgned holes therein, a further contact in 
said aligned holes and extending to said 
second electrode, the hole in said substrate 
having a wall of a thin film insulating material 
to insulate said further contact from said 
substrate. 

15. An erectro-chemical cell according to 
claim 14 wherein said first insulating layer 
mcludes a well therein, at least said fim elec- 
trode being located in said well 

16. An electro-chemical cell according to 
claim 15 wherein said first electrode com- 
prises a plurality of thin film microcathodes 
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located in small holes in said first insulating 
layer^ said second electrode comprises a con- 
tinuous thin film anode on said first insulating 
layer in said well and surrounding said micro- 
cathodes but insulated therefrom by said first 
insulating layer, a layer of electrolyte filling 
said well to a level flush with its top, and a 
thin film membrane of selected permeability 
covering said well and said first insulating 
layer surrounding said welL 



17. An electro-chemical cell, substantially 
as herein described with reference to any one 
of Figures 1, 10, and 21 to 27 of the accom- 
panying drawings. 

MATfflSEN & MACARA, 
Chartered Patent Agents, 
Lyon House, Lyon Road, 
Harrow, Middlesex, HAl 2ET. 
Agents for the Applicants. 
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